Stopped-flow fluorometry was used to study the kinetics of the reactive center loop insertion occurring during the reaction of N-((2-(iodoacetoxy)ethyl)-Nmethyl)amino-7-nitrobenz-2-oxa-3-diazole (NBD) P9 plasminogen activator inhibitor-1 (PAI-1) with tissue-(tPA) and urokinase (uPA)-type plasminogen activators and human pancreatic elastase at pH 5.5-8.5. The limiting rate constants of reactive center loop insertion (k lim ) and concentrations of proteinase at half-saturation (K 0.5 ) for tPA and uPA and the specificity constants (k lim / K 0.5 ) for elastase were determined. The pH dependences of k lim /K 0.5 reflected inactivation of each enzyme due to protonation of His 57 of the catalytic triad. However, the specificity of the inhibitory reaction with tPA and uPA was notably higher than that for the substrate reaction catalyzed by elastase. pH dependences of k lim and K 0.5 obtained for tPA revealed an additional ionizable group (pK a , 6.0 -6.2) affecting the reaction. Protonation of this group resulted in a significant increase in both k lim and K 0.5 and a 4.6-fold decrease in the specificity of the reaction of tPA with NBD P9 PAI-1. Binding of monoclonal antibody MA-55F4C12 to PAI-1 induced a decrease in k lim and K 0.5 at any pH but did not affect either the pK a of the group or an observed decrease in k lim /K 0.5 due to protonation of the group. In contrast to tPA, the k lim and K 0.5 for the reactions of uPA with NBD P9 PAI-1 or its complex with the monoclonal antibody were independent of pH in the 6.5-8.5 range. Since slightly acidic pH is a feature of a number of malignant tumors, alterations in PAI-1/tPA kinetics could play a role in the cancerogenesis. Changes in the protonation state of His 188 , which is placed closely to the S1 site and is unique for tPA, has been proposed to contribute to the observed pH dependences of k lim and K 0.5 .
Plasminogen activator inhibitor-1 (PAI-1) 1 (1, 2) is a representative of the serpin superfamily of proteins (3) (4) (5) (6) , which includes a number of mechanism-based inhibitors that control major proteolytic pathways and regulate the balance of proteinases under normal and pathological conditions (7) . Sharing a similar fold (5) , serpins exhibit the same unique mechanism of action, providing fast and effective inactivation of the proteinase by blocking the deacylation step (8 -11) . The formation of the acyl-enzyme intermediate induces a large conformational rearrangement of the serpin molecule, resulting in a 70-Å translocation of the proteinase attached to the new C terminus of the inhibitor to the opposite pole of the serpin molecule (12) (13) (14) (15) . At the center of these conformational changes is a rapid insertion of the N-terminal part of the cleaved reaction center loop (RCL) of serpin as a new strand 4 of the ␤-sheet A (for a review, see Ref. 6) . It has been shown directly that the proteinase in the final inhibitory complex is mechanically distorted, and the serine residue of the catalytic triad is displaced from the active site (16 -20) . Fast insertion of the cleaved RCL into the ␤-sheet A facilitates proteinase inactivation; therefore, this step of the inhibitory mechanism is considered critical for effective serpin function (21) (22) (23) (24) (25) .
PAI-1 is a major endogenous regulator of tissue-type (EC 3.4.21.68) (tPA) and urokinase-type (EC 3.4.21.73) (uPA) plasminogen activators (2) . Both uPA and tPA cleave the zymogen plasminogen, producing active serine proteinase plasmin, which participates in fibrin degradation. As a result, PAI-1 plays an important role in the control of normal fibrinolysis (26, 27) and a number of pathological processes that are dependent on plasminogen activation (28 -32) . High levels of PAI-1, which prevent formation of plasmin and result in thrombosis, are associated with the development of ischemic arterial disease and deep vein thrombosis. It has been proposed that PAI-1 contributes to malignant tumor growth as an effective regulator of angiogenesis. However, inconsistencies in the reports (33-38) on a possible role of PAI-1 in tumor development indicate an involvement of a complex mechanism that controls the net physiological outcome. Recent studies of the effect of PAI-1 on choroidal pathologic vascularization (39, 40) have demonstrated that PAI-1 promotes angiogenesis mostly through its antiproteolytic activity. Therefore, understanding of this mechanism would be beneficial for the development of new therapeutic compounds for controlling pathologic angiogenesis (41) . One of the possible reasons for alterations in PAI-1 reaction could be a difference in the composition or physicochemical properties of the extracellular fluid between normal and malignant tissues. It has been found that tumors are often characterized by an acidic extracellular microenvironment that can * This work was supported by National Institutes of Health Grant HL 54930 (to J. D. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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In the present study, the S338C mutant variant of PAI-1 with NBD group attached to the sulfhydryl group of cysteine (NBD P9 PAI-1) has been used to examine the kinetics of the insertion of cleaved RCL at different pH values. The pH dependences of limiting rates of RCL insertion for reactions of tPA and uPA with NBD P9 PAI-1 and its complex with monoclonal antibody (mAb) MA-55F4C12 have been determined. Obtained data revealed the features contributing to the PAI-1/proteinase recognition and the nature of the functional groups involved. A single residue, unique for PAI-1/tPA (most likely a histidine in the proteinase), is proposed to control changes in the limiting rate of RCL insertion at the physiological pH range.
EXPERIMENTAL PROCEDURES
Proteins and Reagents-Analytical grade buffer reagents and pancreatic elastase were purchased from Sigma. The S338C (P9 Cys) PAI-1 was labeled with NBD group as described previously (45) . The concentration of NBD P9 PAI-1 and incorporation of the NBD group were determined from absorbances at 280 and 480 nm, respectively (45) . Activity of NBD P9 PAI-1 was determined by titration of the inhibitor with uPA or tPA. Concentrations of wild type PAI-1 were calculated from absorbance at 280 nm using an extinction coefficient (⑀ 280 ) of 0.93 ml mg Ϫ1 cm Ϫ1 and M r of 43,000 (46) . Human recombinant tPA (Activase) was obtained from Genentech, South San Francisco, CA. Single chain tPA was converted to the two-chain form by treatment with immobilized plasmin as described previously (47) . Human recombinant uPA was a gift from Abbott Laboratories. The concentrations of tPA and uPA were calculated from absorbance values at 280 nm using M r values of 63,500 and 54,000 and ⑀ 280 values of 1.90 and 1.36 ml mg Ϫ1 cm Ϫ1 , respectively. Mouse mAb MA-55F4C12 was selected from the panel raised against the human PAI-1⅐tPA complex (48) . Antibody concentration was determined spectrophotometrically from the absorbance at 280 nm using M r of 150,000 and ⑀ 280 of 1.3 ml mg Ϫ1 cm Ϫ1 . All experiments were performed using 50 mM phosphate buffer prepared by mixing solutions of 50 mM KH 2 PO 4 with 50 mM K 2 HPO 4 . Due to a low solubility of tPA at low pH, the range of the measurements was limited by pH 5.5.
Measurements of the Rates of RCL Insertion-NBD P9 PAI-1, which behaves similarly to the wild type PAI-1, has been used previously to study the mechanisms of spontaneous and mAb-assisted inactivation of PAI-1 as well as the interaction of PAI-1 and its mAb complexes with proteinases (22, 45, 49 -52) . Changes in the environment of the NBD group, due to its removal from contact with solution and the burial of the RCL into the ␤-sheet A, resulted in a significant increase in the intensity of the NBD fluorescence emission (45) . Time-dependent inactivation of NBD P9 PAI-1 or its complex with MA-55F4C12 by tPA and uPA was measured by incubating various concentrations of proteinase (0 -5 M) with 20 -40 nM inhibitor. A microvolume stopped-flow reaction analyzer (model SX-18MV, Applied Photophysics Ltd.) equipped with a fluorescence detector and a thermostated cell was used to monitor the changes in fluorescence of NBD P9 PAI-1 on its reaction with proteinases. The excitation wavelength was set at 480 nm, and the progress of the reaction was monitored by measuring the increase in NBD fluorescence emission through a 500 nm cut-off filter. Pseudo 
where E is either uPA or elastase, T is the absolute temperature, and R is a gas constant.
Effect of pH on the Formation of the Initial PAI-1⅐Proteinase
Complex-The displacement of p-aminobenzamidine (PAB) (54 -56) has been used to determine the effect of pH on binding of tPA and uPA to PAI-1. PAB⅐proteinase complexes were preformed by incubating uPA (0.08 -0.16 M) or tPA (0.15 M) with PAB (100 and 180 -400 M, respectively) for 10 min at 25°C at different pH values. PAI-1 (0 -5.0 M) was mixed with proteinase⅐PAB complex using the SX-18MV (excitation wavelengths were 320 and 330 nm for uPA and tPA, respectively). Progress of the reaction was monitored by following a decreasing fluorescent emission detected through a 335 nm cut-off filter. Data were fitted to a single exponential equation:
Ϫ(kobs)t where F t is the fluorescence at time t, A is an offset, B is the amplitude, and k obs is the pseudo-first-order rate constant. The rates of formation of the PAI-1⅐proteinase complexes (k 1 ) were calculated from the slopes of dependences of the k obs on PAI-1 concentration as described earlier. The pH dependences of log k 1 for tPA and uPA were fitted to the equation
) where k 1 lim is the maximal value of k 1 , and K a represents the ionization constant of the residue controlling the initial complex formation.
RESULTS

Effect of pH on the Specificity of the Reaction of NBD P9
PAI-1 with tPA, uPA, and Elastase-tPA and uPA, the physiological targets of PAI-1, were used to study the effects of pH on the rate of RCL insertion due to the inhibitory reaction with NBD P9 PAI-1. In contrast to tPA and uPA, human pancreatic elastase cleaves the P3P4 peptide bond of PAI-1 and does not form a PAI-1/proteinase inhibitory complex (57) . However, upon cleavage by elastase, RCL is inserted into the ␤-sheet A of PAI-1 in a fashion similar to that for the inhibitory complex (57) . Reaction with elastase follows the substrate branch of the PAI-1 mechanism and does not include either the translocation of the proteinase or the distortion of its active site. Thus, the RCL insertion due to the reaction with elastase was selected as a control to distinguish mechanistic features that are common to all three proteinases. The values of the specificity constant (k lim /K 0.5 ), where k lim is the maximal rate of RCL insertion, and K 0.5 is the concentration of the proteinase when RCL insertion occurs at half-k lim , were calculated from the slopes of linear ([proteinase] Ͻ Ͻ K 0.5 ) dependences of the observed rate constant (k obs ) of the RCL insertion on the enzyme concentration. Values of k obs were measured directly from the increase in the fluorescence emission of the NBD group due to RCL insertion as described under "Experimental Procedures." For all three enzymes, the specificity constants increased significantly from pH 5.5 to 6.5 followed by a plateau (Fig. 1) . The pH dependences observed for the pH interval 5.5-8.5 ( Fig. 1) fitted well to the model, which includes two types of proteinase molecules, inactive protonated and active deprotonated species, with a specificity constant equal to that from the plateau value for each proteinase. The limiting value of k lim /K 0.5 ((k lim /K 0.5 ) lim ) for the reaction with elastase (0.12 M Ϫ1 s Ϫ1 ) was almost 2 orders of magnitude lower than that for the inhibitory reaction with uPA and was 400 times less than (k lim /K 0.5 ) lim for tPA (Table I ). The changes in Gibbs free energy calculated from the relative specificity of tPA/uPA, uPA/elastase, and tPA/elastase pairs (Table I) demonstrated that the inhibitory reactions of PAI-1 with tPA and uPA are thermodynamically more beneficial than the substrate reaction with elastase by Ϫ3.6 and Ϫ2.6 kcal/mol, respectively. The values of pK a estimated from pH dependences of k lim /K 0.5 for tPA, uPA, and elastase were within the range 6.1-6.4 (Table I) . Thus, deprotonation of the group (probably an imidazole ring of a histidine residue), with pK a of 6.0 -6.5, is required for maximal efficiency of the RCL insertion. Linear regression analysis of the data points from the acidic portion of curves yielded slopes of 1.1 Ϯ 0.2 for uPA and elastase, suggesting that a single residue is responsible for the observed pH dependences. These results support the conclusion that a decrease in the k lim /K 0.5 at pH below 6.0 most likely reflects protonation of the catalytic His 57 , which is a conserved residue in serine proteinases. However, the slope for the linear part of the pH dependence of tPA was close to 2.0 (Table I) , indicating protonation of another group apart from the His 57 . To gain further insight into the basis of the different pH dependences for tPA and uPA, the values of k lim and K 0.5 for the reaction of NBD P9 PAI-1 with each target proteinase were determined at pH ranging from 6.0 to 8.5.
Effect of pH on the Limiting Rate of RCL Insertion Due to the Reaction of NBD P9 PAI-1 with tPA and uPA-The dependence of k obs on the concentration of tPA or uPA exhibited saturation at high proteinase concentration for all examined pH values (data not shown), which is consistent with the formation of the Michaelis-like complex between the proteinase and NBD P9 PAI-1 prior to the insertion of the RCL. To calculate k lim and K 0.5 , the data were fitted to the hyperbolic equation
where E is the enzyme. In contrast to uPA and tPA, the dependences of k obs on the concentration of elastase were linear up to 10 M for every pH studied (data not shown). To examine the mechanisms of inhibitory reaction of PAI-1 in more detail, the pH dependences of k lim and K 0.5 for tPA and uPA were determined as described under "Experimental Procedures." The individual contribution of k lim and K 0.5 to the pH dependences of specificity constant for tPA and uPA are shown on Fig. 2 . The data obtained revealed significant differences in the behavior of the two target proteinases. The value of k lim for uPA increased and approached the maximum with pH changing from 5.5 to ϳ6.0 -6.5 and did not change significantly with further increase in the pH to 8.0 -8.5. In contrast, the k lim for tPA decreased almost by an order of magnitude when pH changed from 5.5 to 8.5 ( Fig. 2A) . Since a decrease in FIG. 2 . The pH dependences of k lim (A) and K 0.5 (B) measured for insertion of RCL cleaved with tPA (q) and uPA (OE). Measurements were carried out in 50 mM phosphate at 25°C as described under "Experimental Procedures." Lines represent the best fits to the models, assuming that protonated species are not active (uPA) or that reaction is productive for both protonated and deprotonated species (tPA) as described under "Experimental Procedures." Calculated pK a and maximal and minimal k lim and K 0.5 for tPA are listed in Table II . k lim for tPA coincides with a decrease in the K 0.5 , both dependences could originate from the protonation/deprotonation of the same amino acid residue, which is unique only for the PAI-1/tPA interaction. Indeed the overlapping values of pK a estimated from the dependences of k lim and K 0.5 for tPA (6.2 Ϯ 0.2 and 5.8 Ϯ 0.2, respectively (Table II) ) support this suggestion. Since both protonated and deprotonated forms resulted in productive tPA/PAI-1 interaction, the residue is unlikely to be critical for the molecular mechanism of PAI-1/tPA reaction. The limiting values of the kinetic parameters for the reaction of NBD P9 PAI-1 with tPA ((k lim ) max and (K 0.5 ) max for protonated and (k lim ) min and (K 0.5 ) min for deprotonated species, respectively) have been estimated by fitting the data to the corresponding model as described under "Experimental Procedures" and shown in Table II . Comparison of the specificity constants for protonated (((k lim ) max /(K 0.5 ) max ) and deprotonated ((k lim ) min / (K 0.5 ) min )) species of tPA with the specificity constant at the plateau (Fig. 1) for uPA led to the conclusion that protonation of tPA results in nearly equal specificities for the reaction with both target proteinases (Tables I and II) .
Effect of pH on Displacement of PAB from the Active Site of tPA and uPA by PAI-1-PAB displacement experiments were carried out to determine whether or not the initial rates of PAI-1⅐proteinase complex formation would depend on pH in a matter similar to that observed in Fig. 2 for tPA and uPA. The pH dependence of the rate of the Michaelis-like complex formation (k app ), derived from the study of PAB displacement by PAI-1 in pH ranging from 5.5 to 8.1, was analyzed. Data obtained (Fig. 3) show that the shapes of pH dependence of k app are similar for both tPA and uPA, while the ratio of k app tPA /k app uPA changed only by a factor of 2 (from 11.1 to 5.3) when the hydrogen ion concentration decreased almost by 3 orders of magnitude as pH was increased from 5.5 to 8.1. Similar to the pH dependence of k lim /K 0.5 ( Fig. 1) , the experimental results observed for k app (Fig. 3) were fitted to the two-state model where protonation of the residue with pK a values of 6.0 Ϯ 0.3 and 5.8 Ϯ 0.2 for tPA and uPA, respectively, resulted in the loss of ability to form the Michaelis-like complex between the proteinase and PAI-1. Thus, both a decrease in the efficiency of the inhibition reaction and a decrease in the rate of PAB displacement, observed at pH below 6.0, could be a result of inactivation of the proteinase due to protonation of the catalytic triad His 57 . Therefore, the protonation/deprotonation of the second residue, characteristic for the reaction with tPA, most likely affects the steps of PAI-1 mechanism following the formation of the Michaelis-like complex. To evaluate the possible contribution of this residue to the final step of RCL insertion, the reactions of the complex of NBD P9 PAI-1 with mAb MA-55F4C12 were studied.
Effect of pH on the RCL Insertion of PAI-1 Complexes with Inactivating mAb-MA-55F4C12
interacts with the N-terminal part of ␣-helix F (residues 128 -131 and 154) (58, 59) situated above the ␤-sheet A without affecting the rate of the Michaelis complex formation (52) . However, binding of this mAb results in a decrease in the limiting rate of RCL insertion and redirection of 50 -80% of the PAI-1 reaction to the substrate pathway (52) . MA-55F4C12 was selected to determine whether the effect of a decrease in pH in the reaction of NBD P9 PAI-1⅐mAb complex with target proteinases is similar to that for free inhibitor. The values of k lim and K 0.5 for the reaction of NBD P9 PAI-1⅐MA-55F4C12 complex with tPA and uPA were determined at pH interval 5.5-8.2 as described under "Experimental Procedures." The shapes of pH dependences of k lim (Fig. 4) and K 0.5 (not shown) as well as the values of pK a calculated from these dependences (Table III) were similar to the data obtained for NBD P9 PAI-1 alone (Table II) . However, binding of the mAb resulted in a decrease in k lim and K 0.5 calculated for the protonated and the deprotonated residue (Table III) PAI-1⅐MA-55F4C12 complex with tPA (q) and uPA (OE). Measurements were carried out in 50 mM phosphate buffer at 25°C as described under "Experimental Procedures." Lines represent the best fits to the models, assuming that protonated species are not active (uPA) or that the reaction is productive for both protonated and deprotonated species (tPA) as described under "Experimental Procedures." Obtained values of pK a as well as maximal and minimal k lim and K 0.5 values calculated from data for tPA are listed in Table III . (Fig. 2, A and B) .
PAI-1 alone (Table II) . Therefore, binding of MA-55F4C12 decreases the limiting rate of RCL insertion independently from the protonation/deprotonation state, which apparently affects the steps of the reaction between Michaelis complex formation and the final step of the RCL insertion. The dependence of k lim on pH observed for PAI-1⅐mAb complex supports the idea that the mechanism of PAI-1 neutralization by MA-55F4C12 could be more complex than just an increase in the probability for enzyme deacylation due to slower RCL insertion (60) . Values of the relative specificity, expressed as changes in the free Gibbs energy ⌬⌬G 0 , were calculated from the specificity constants of NBD P9 PAI-1 and its complex with MA-55F4C12. Binding of MA-55F4C12 has almost no effect on the specificity of the reaction with uPA but results in a notable (1.0 -1.3 kcal/mol) increase in ⌬⌬G 0 for the reaction with tPA (Fig. 5) . Similar results were obtained for ⌬⌬G 0 values calculated from the limiting values of k lim and K 0.5 (estimated for protonated and deprotonated forms from the sigmoidal pH dependences (Tables I-III)). Since the fraction of the substrate pathway (values of the stoichiometry of inhibition) measured for interaction between PAI-1⅐MA-55F4C12 and tPA was higher than that for uPA (52) , the increase in ⌬⌬G 0 observed for PAI-1⅐mAb complexes (Fig. 5 ) possibly will correlate with an increase of the substrate reaction.
DISCUSSION
Fast RCL insertion, resulting in translocation of the proteinase molecule and inhibition of the deacylation of the enzyme due to the mechanical distortion of the active site, is considered to be the center of the serpin inhibitory mechanism (21-23). The final complex formation coincides with the disintegration of the structural elements contributing to the stabilization of the transition state and the obstruction of the machinery of the enzyme at the step following acylation of the serine of catalytic triad (16) . Thus, a high limiting rate of the RCL insertion during the reaction with the target proteinase should favor the inhibitory pathway. The value k lim for PAI-1/uPA reaction was virtually independent of pH in the 6.5-8.5 range. Similar results were obtained for the reaction between fluorescein isothiocyanate-elastase with rhodamine ␣ 1 -proteinase inhibitor (61) . In contrast, k lim for the reaction of PAI-1 with tPA decreased significantly ( Fig. 2A) with an increase in the concentration of hydroxide ions catalyzing hydrolysis of the acylenzyme. However, despite the almost 10-fold variation in k lim between uPA and tPA at pH 8.5 ( Fig. 2A and Table II), the stoichiometry of inhibition for both reactions was close to unity. Therefore, the inhibitory pathway remains favorable for both enzymes regardless of the significant differences in k lim . A correlation between variation of k lim and K 0.5 with pH changes, observed for the PAI-1/tPA interaction, indicates that both parameters could be controlled by protonation of the same residue with pK a close to 6.0. Since uPA did not demonstrate similar pH dependence for either k lim or for K 0.5 , the observed effects reflect structure/function relationships that are unique for PAI-1/tPA interaction. Therefore, the changes in k lim and K 0.5 for tPA depend mostly on the protonation state of a histidine residue, which is close to or positioned at the PAI-1/tPA interface. This residue is not absolutely critical for PAI-1/tPA final inhibitory complex formation since both protonated and deprotonated species react effectively. However, protonation of this group resulted in a significant increase in the limiting rate of a cleaved RCL insertion and a decrease in the specificity constant (k lim /K 0.5 ) of the reaction of PAI-1 with tPA (Table II) . The mutations at the PAI-1/proteinase interface could affect the reaction with tPA (similar to that observed at low pH in the present study) and substitution of P1Ј residue of PAI-1 with NBD-cysteine (51) as well as P4Ј and P5Ј residues with alanine (62) resulting in significant increase in k lim .
The results of PAB displacement indicated that the rate of the initial PAI-1⅐tPA complex formation was not changed significantly with pH ranging from 6.0 to 8.0. Therefore, protonation of the histidine most likely affects the steps of the PAI-1 mechanism that follow the initial complex formation. On the other hand, binding of MA-55F4C12 did not affect the shape of the pH dependence of k lim or K 0.5 . Thus, in the mechanism of PAI-1/tPA reaction the histidine residue participates in the steps between the initial binding and the final RCL insertion resulting in the mechanical distortion of the proteinase structure.
Under the physiological conditions where the concentrations of PAI-1 and proteinases are far below saturation the rates of the inhibitory (tPA and uPA) or substrate (elastase) reactions were proportional to the k lim /K 0.5 . The efficiency of the inhibitory reaction (the values of k lim /K 0.5 at the plateau) of PAI-1 with tPA and uPA was almost 2 orders of magnitude higher than that for the reaction with elastase. The execution of the physiological function of PAI-1 (regulation of the levels of the target proteinases) is thus thermodynamically more favorable (Table I) than that for the substrate reaction with elastase. However, loss in the specificity (increase in ⌬⌬G 0 ) resulted in dramatic change in the reaction pathway observed for elastase. 
Effects of pH on Reactions of Serpin with Target Proteinases
The pH dependences of the k lim /K 0.5 for all three enzymes had similar shapes. Protonation of His 57 , which is conserved in all three serine proteinases, represents a plausible explanation for their inactivation at pH below 6.0.
In contrast to uPA, the pH dependences observed for the reaction with tPA show changes of k lim and K 0.5 to a new plateau level, when protonation increases the rate constant of a reaction step, that is normally rate-limiting. Assuming that both proteinases exhibit a similar general mechanism of interaction with PAI-1, the residue affecting k lim and K 0.5 most likely belongs to tPA rather than to PAI-1. Therefore, alteration of the interaction pattern in the substrate binding pocket of tPA, due to protonation of a single histidine residue, may explain the observed pH dependences of k lim and K 0.5 . The proteinase domain of tPA is the major contributor to the formation of the Michaelis complex between enzyme and substrates (63) . As a result, the residue governing changes in k lim and K 0.5 is most likely a histidine, which is unique for tPA and is located at the tPA/PAI-1 interface close to the initial proteinase docking site.
The positively charged 37-loop of tPA (nomenclature of Schlechter and Berger (64)) has been shown to form exosite interactions with P4Ј and possibly P5Ј glutamates of the RCL in PAI-1 (62, 65, 66) . His 37 , a residue that belongs to 37-loop of tPA, apparently contributes to the active site cleft of proteinase (67) and potentially could participate in PAI-1/tPA interaction. Although uPA has a histidine residue at the same position, its k lim and K 0.5 did not exhibit changes with pH ranges of 6.5-8.5. Moreover substitution of His 37 of tPA with tyrosine does not affect the reaction with PAI-1 (65) .
The amino acid sequence alignment has demonstrated that among more than 200 proteinases, tPA is the only known enzyme with a histidine residue at position 188 (68) next to Asp 189 interacting with P1 arginine of PAI-1. The ability of the residue at the position 188 to affect the mechanism of serine proteinases has been demonstrated by site-directed mutagenesis. Substitution of Lys 188 with an uncharged residue resulted in the transformation of bovine trypsin to chymotrypsin-like esterase (69); substitution with histidine (70, 71) led to an extension of the maximal activity toward acidic pH and an appearance of a new metal binding site in the substrate binding cleft of bovine trypsin. A specific inhibition of tPA with Cu 2ϩ , which was suggested to chelate with His 188 and compete with the substrate for the primary specificity pocket, has been shown (68) . Consequently protonation of the His 188 might lead to a perturbation in the S1 pocket and/or catalytic site, resulting in the observed changes in k lim and K 0.5 . Indeed a comparison of the crystal structures of tPA complexed with derivatives of benzamidine at pH 7.5 (67) and 5.0 (72) revealed the formation of the stabilizing cluster Arg 186A , Gln 186F , His 188 at low pH. These data are clearly supportive of the existence of two forms of tPA, which react differently with PAI-1. Despite all available data pointing toward His 188 , it should be noted that the effects observed for the reaction with tPA could also be attributed to a different histidine at the PAI-1/tPA interface or to an amino acid residue with pK a highly perturbed due to the environment.
Epitope localization and similarities in pH dependences observed for NBD P9 PAI-1⅐MA-55F4C12 complex and free inhibitor demonstrate that the interaction with mAb is unlikely to affect none but the very late stages of the PAI-1 mechanism. The values of k lim for PAI-1⅐mAb complexes were significantly less than those for PAI-1 alone at every pH studied, indicating a possible increase in the activation energy for RCL insertion or change in the limiting step of the reaction. Binding of MA-55F4C12 also resulted in an increase in ⌬⌬G 0 calculated from the specificity constants (Fig. 5) , correlating with an increase in the fraction of the substrate reaction (52) . The significant increase in ⌬⌬G 0 is also characteristic for the substrate reaction of PAI-1 with elastase (Table I) . Since reversible dislocation of the ␣-helix F coinciding with the RCL insertion has been recently proposed to be a mechanism of conservation of the free energy required for disruption of the proteinase structure (73, 74) , consumption of a fraction of this free energy could result in a redirection of the reaction toward the substrate pathway. Therefore, utilization of the free energy could be a thermodynamic driving force for neutralization of PAI-1 by MA-55F4C12 and other mAbs interacting with the ␣-helix F. Further studies of this mechanism would assist in rational design or combinatorial selection of new agents for inactivation of PAI-1 in vivo.
Finally the observed changes in the kinetics of PAI-1/tPA reaction due to protonation/deprotonation at the physiological pH can be linked to in vivo functions of both proteins. There are inconsistent reports on the role of PAI-1 in tumor development (33) (34) (35) (36) (37) (38) . However, it is generally known that the pH in malignant tissues can be 0.5-1.0 unit lower than the normal value (42) (43) (44) . The changes in the kinetics of PAI-1/tPA reaction observed at pH 6.0 -6.5, resulting in similar specificities for both tPA and uPA, could contribute to the mechanism of tumor invasion.
